Prolonged fasting is associated with a number of changes in the thyroid axis manifested by low serum T 3 and T 4 levels and, paradoxically, low or normal TSH. This response is, at least partly, caused by suppression of proTRH gene expression in neurons of the hypothalamic paraventricular nucleus (PVN) and reduced hypothalamic TRH release. Because the fall in thyroid hormone levels can be blunted in mice by the systemic administration of leptin, we raised the possibility that leptin may have an important role in the neuroendocrine regulation of the thyroid axis, through effects on hypophysiotropic neurons producing proTRH. Adult male, Sprague-Dawley rats were either fed normally, fasted for 3 days, or fasted and administered leptin at a dose of 0.5 g/gm BW ip every 6 h. Fasted animals showed significant reduction in plasma total and free T 4 and T 3 levels compared with controls, that were restored toward normal by the administration of leptin. Percent free T 4 , but not percent free T 3 , increased during fasting, further suggesting a reduction in plasma transthyretin levels that did not return to fed levels after leptin administration. By semiquantitative analysis of in situ hybridization autoradiograms, proTRH messenger RNA in medial parvocellular PVN neurons was markedly suppressed in the fasting animals but was restored to normal by leptin administration [fed vs. fast vs. fast/ leptin (density units ϫ 10
transthyretin levels that did not return to fed levels after leptin administration. By semiquantitative analysis of in situ hybridization autoradiograms, proTRH messenger RNA in medial parvocellular PVN neurons was markedly suppressed in the fasting animals but was restored to normal by leptin administration [fed vs. fast vs. fast/ leptin (density units ϫ 10 In contrast, proTRH messenger RNA in adjacent neurons in the lateral hypothalamus that do not have a hypophysiotropic function remained unchanged by any of the experimental manipulations. These findings indicate that leptin has a selective, central action to modulate the hypothalamic-pituitary-thyroid axis by regulating proTRH gene expression in the PVN but does not have peripheral effects on thyroidbinding proteins. We propose that the fall in circulating leptin levels during fasting resets the set point for feedback inhibition by thyroid hormones on the biosynthesis of hypophysiotropic proTRH, thereby allowing adaptation to starvation. (Endocrinology 138: 2569 -2576, 1997) P ROLONGED FASTING has profound effects on the hypothalamic-pituitary-thyroid axis in rats, manifested by low plasma T 3 , T 4 , free T 3 , and free T 4 and low or normal levels of TSH (1) (2) (3) (4) (5) (6) (7) (8) (9) . In addition, fasting results in reduced content of TSH and ␤TSH messenger RNA (mRNA) in the anterior pituitary, reduced proTRH mRNA in the hypothalamic paraventricular nucleus (PVN) [the origin of TRHproducing neurons responsible for regulation of anterior pituitary TSH secretion (10) ], and a decrease in the concentration of TRH in hypophysial portal blood (2, (7) (8) (9) . In altered states of thyroid function (hypothyroidism and hyperthyroidism), the biosynthesis of TRH in hypophysiotropic TRH neurons changes inversely with plasma concentrations of T 4 and T 3 (11) (12) (13) (14) . During fasting, therefore, when circulating levels of thyroid hormone are low, the reduction of proTRH gene expression in the PVN and decreased concentration of TRH in the portal capillary system seem paradoxical, suggesting that the set point for thyroid hormone feedback regulation of TRH biosynthesis in the PVN is altered. The mechanisms for this phenomenon, however, have not been fully explained.
Systemic administration of leptin, an endogenous protein hormone with anorectic activity synthesized and secreted by fat cells (15) , blunts the fall in T 4 levels during fasting and blunts changes in the adrenal and gonadal axes (16) . Because leptin levels are normally suppressed by fasting (17, 18), it was proposed that falling leptin levels provide an important signal that coordinates a number of endocrine responses to starvation, including decreased thyroid thermogenesis, increased stress steroids, and inhibition of reproductive function (16) . Because leptin can effect the brain to alter neuropeptide Y mRNA in the arcuate nucleus (19), we hypothesized that the circulating levels of leptin also may be involved in the neuroendocrine regulation of hypophysiotropic proTRH-producing neurons in the PVN during fasting, to explain changes in peripheral thyroid hormone levels. In this study, therefore, we measured the content of proTRH mRNA in the hypothalamus of normally fed and fasted rats and determined whether systemic administration of leptin to fasted rats could have any effect on proTRH biosynthesis in the PVN.
Materials and Methods Animals
A total of 24 male Sprague-Dawley rats (Taconic Farms, Germantown, NY), weighing 180 -215 g, were acclimatized to a 12-h light/12-h dark cycle (lights between 0600 and 1800 h) and controlled temperature (22 Ϯ 1 C) before the procedures. Rat chow and tap water were provided ad libitum. All experimental protocols were reviewed and approved by the animal welfare committee at the New England Medical Center and Tufts University School of Medicine (Boston, MA).
Experimental protocol
Animals were divided into three groups of eight animals each. The first group was allowed free access to food and water; the second group was fasted for approximately 65 h, beginning at 1600 h the first day and ending between 0900 and 1100 h on the last day, but allowed continued access to drinking water; and the third group was fasted as above and administered recombinant leptin (Eli Lilly and Co., Indianapolis, IN) at a dose of 0.5 g/gm BW ip every 6 h beginning two h after the removal of food. All animals were weighed daily, and at completion of the experiment, they were anesthetized with pentobarbital (50 mg/kg BW, ip); blood was obtained from the inferior vena cava for measurement of serum T 3 , T 4 , free T 3 , free T 4 , TSH, and thyroid-binding proteins and immediately perfused with fixative as described below. Blood was collected into polypropylene tubes, centrifuged for 15 min at 3500 rpm, and the plasma stored at Ϫ80 C until assayed.
Tissue preparation
After general anesthesia, animals were perfused through the ascending aorta with 0.01 m PBS, pH 7.2, containing 15,000 U/liter heparin sulfate for 30 -60 sec, followed by 4% paraformaldehyde in PBS for 15 min. Brains were removed, postfixed by immersion in the same fixative for 6 h, and placed in 20% sucrose in PBS at 4 C overnight. Serial 18-m coronal tissue sections through the rostral-caudal extent of the PVN were obtained on a cryostat (Reichert-Jung 2800 Frigocut-E) and adhered to Superfrost/Plus glass slides (Fisher Scientific Co., Pittsburgh, PA) to obtain four sets of slides (each set containing every fourth tissue section through the PVN). The tissue sections were desiccated overnight by heating at 42 C and stored at Ϫ80 C until prepared for in situ hybridization histochemistry.
In situ hybridization histochemistry
Every fourth section taken from the region of the PVN was hybridized with a single-stranded, [
35 S]UTP-labeled complementary RNA probe generated from a 1241-bp EcoRI-PstI fragment of proTRH complementary DNA cloned antisense into the plasmid vector pSP65 (Promega Corp., Madison, WI), as previously described (11, 20) . Specificity of hybridized material in the PVN and lateral hypothalamus, as proTRH mRNA with this probe, has been established in previous publications showing the absence of hybridization in the hypothalamus with a noncomplementary probe transcribed from the same 1241-bp fragment, a single hybridizing band of approximately 1.6 kb by Northern hybridization corresponding to the expected size of proTRH mRNA in RNA extracts of the PVN, and an identical distribution of hybridized cells in the brain with a different complementary probe recognizing the 3Ј untranslated region of proTRH mRNA (11, 20, 21) . Hybridization was performed under plastic coverslips in buffer containing 50% formamide, a 2-fold concentration of standard sodium citrate, 10% dextran sulfate, 0.25% BSA, 0.25% Ficoll 400, 0.25% polyvinylpyrrolidone 360, 250 mm Tris (pH 7.5), 0.5% sodium pyrophosphate, 0.5% SDS, 250 mg/ml denatured salmon sperm DNA, and 6 ϫ 10 5 cpm of the radiolabeled probe, for 16 h at 55 C. Slides were dipped into Kodak NTB2 autoradiography emulsion (Eastman Kodak, Rochester, NY) and the autoradiograms developed after 3 days of exposure at 4 C.
Image analysis
Autoradiograms of the PVN and, for comparison, the lateral hypothalamus in the same tissue sections were visualized at ϫ78 under darkfield illumination with a Zeiss binocular microscope fitted with a COHU solid-state TV camera (San Diego, CA). The intensity of the light source was maintained constant by conversion of AC current through a DC power supply (EPSCO, Addison, IL). The images were captured with a Data Translation Quick Capture frame grabber board (Marlboro, MA) and analyzed with a Quadra Macintosh computer using Image 1.52 (NIH). Background density points were removed by thresholding the image, and integrated density values (density ϫ area) of hybridized neurons in the same region on each side of the PVN were measured in each animal. Nonlinearity of radioactivity in the emulsion was evaluated by comparing density values with a calibration curve created from autoradiograms of known dilutions of the radiolabeled probe immobilized on glass slides, in 1% gelatin, that had been exposed and developed simultaneously with the in situ hybridization autoradiograms. Values corresponding to the content of proTRH mRNA in the PVN or lateral hypothalamus were calculated for each animal by summing the integrated density values on each side of the PVN from four consecutive sections, as previously described (22).
Hormone measurements
Plasma T 3 , T 4 , and TSH concentrations were measured by RIA. Materials for the TSH RIA were provided by the NIADDK National Hormone and Pituitary Program (Baltimore, MD) using NIDDK rat TSH RP-2 as the standard. Plasma T 3 and T 4 levels were measured with specific RIAs using antiserum from Ventrex (Portland, ME) and [
125 I]-labeled T 3 or T 4 obtained from New England Nuclear (Boston, MA). Equilibrium dialysis was employed to determine the fraction of T 4 and T 3 in plasma that was free. The details of the assay have been reported previously (23). The COBRA 500 program was used for data reduction and calculation of the RIA results.
Statistical analysis
Results are presented as means Ϯ sem. Statistical significance between control and experimental groups was determined by ANOVA, followed by Student-Newman-Keuls multiple comparisons test. Differences were considered to be significant at P Ͻ 0.05.
Results

Effect of fasting and leptin administration on body weight and plasma hormone levels
Fasted animals had an approximately 28% mean reduction in body weight at termination of the experiment, compared with controls [fed vs. fasted (mean Ϯ sem): 228 Ϯ 3 g vs. 160 Ϯ 3 g, P Ͻ 0.001]. Fasted animals receiving leptin also showed a significant reduction in BW [164 Ϯ 2 g] that was not significantly different from the weight loss of the fasted animals.
Results of plasma thyroid hormone and TSH determinations are shown in Table 1 . Table 1 also shows data for the free (nonprotein-bound) T 4 and free T 3 fractions in plasma, as determined by equilibrium dialysis. As expected, plasma T 4 and T 3 concentrations were reduced significantly in fasted rats. In contrast, leptin had a profound influence on the effect of fasting on plasma total and free thyroid hormone concentrations. Serum T 4 concentrations were only slightly lower in fasted rats that were treated with leptin, compared with fed rats, and serum free T 4 concentrations in leptintreated fasted rats were actually higher than in fed rats. Similarly, whereas serum total and free T 3 were significantly lower in fasted than in fed rats, fasted rats treated with leptin had plasma T 3 concentrations comparable with those of fed rats. Plasma free T 4 and free T 3 concentrations, calculated by multiplying total plasma concentrations by the free fraction, showed that fasting was associated with an increase in the free fraction of T 4 but not in the free fraction of T 3 . The increase in the free T 4 fraction was not statistically different in fasted rats that received leptin, compared with those not treated with leptin. Mean plasma TSH concentrations were slightly lower in fasted, compared with fed rats or fasted leptin-treated rats, but differences among the groups were not significant.
Effect of fasting and leptin administration on proTRH mRNA in the hypothalamus
In control animals, neurons containing proTRH mRNA were readily visualized by in situ hybridization histochemistry, symmetrically distributed in parvocellular neurons of the PVN on either side of the third ventricle (Fig. 1, A and  B) . ProTRH-producing neurons were located primarily in the medial and periventricular subdivisions of the PVN underlying the third ventricle in midportions of the PVN (Fig. 1A ) and clustered into a dense network of cells in a triangular configuration in the medial parvocellular subdivision of the PVN in more caudal portions of the nucleus (Fig. 1B) . Intense hybridization was present also in adjacent neurons in the lateral hypothalamus (Fig. 2) .
In fasted animals, neurons containing proTRH mRNA were observed in an identical distribution in the PVN but showed substantial reduction in the accumulation of silver grains over neurons (Fig. 1, C and D) . No apparent reduction in hybridization signal over neurons in the lateral hypothalamus was noted (Fig. 2, A and B) . In contrast, fasted animals receiving leptin showed a hybridization pattern over PVN neurons that seemed identical to the fed animals ( Fig. 1, E and F). No differences in the intensity of the hybridization signal were noted in the lateral hypothalamus (Fig. 2C) .
By image analysis, the total density value for proTRH mRNA in the PVN in fasted animals was reduced to approximately 62% of fed animals but, after leptin administration, was restored to normal (Fig. 3A) . Density values of the lateral hypothalamus in fed, fasted, and fasted animals receiving leptin were unchanged (Fig. 3B) .
Discussion
Thyroid hormone is of life-sustaining importance in most mammalian species (24). Consequently, the plasma levels of T 4 and T 3 are carefully protected by a precise homeostatic feedback mechanism residing in the hypothalamus and anterior pituitary (25, 26). This feedback control system is dependent upon the secretion of TRH into the portal capillary plexus to modulate the set point of feedback regulation by thyroid hormone on TSH secretion from the anterior pituitary gland. When circulating levels of thyroid hormone fall, the biosynthesis of proTRH in the medial and periventricular parvocellular subdivisions of the hypothalamic PVN increase, mediated by a direct action of T 3 and T 4 on hypophysiotropic TRH neuronal cell bodies (11) (12) (13) (14) . This leads to increased secretion of TRH and products of proTRH into the portal capillary plexus for conveyance to anterior pituitary thyrotropes (27-29) and, by raising the threshold for feedback regulation by thyroid hormone, increases the secretion of TSH. Conversely, when circulating thyroid hormone levels are elevated, the biosynthesis of TRH in hypophysiotropic PVN neurons is inhibited (11, 13) . This reduces the secretion of TRH into the portal system (30) and, by reducing the threshold for feedback regulation by thyroid hormone on anterior pituitary thyrotropes, reduces the secretion of TSH. Thus, an inverse relationship between circulating levels of thyroid hormone and the biosynthesis and secretion of hypophysiotropic TRH exists to maintain normal circulating levels of thyroid hormone.
In response to environmental stressors and under certain pathological conditions, however, the hypothalamic-pituitary-thyroid axis rapidly readjusts its set point for feedback regulation by thyroid hormone, presumably in a way that is beneficial to the survival of the organism under these adverse circumstances. Cold exposure, for example, causes elevation of thyroid hormone levels, but it is associated also with increased expression of proTRH in hypophysiotropic neurons in the PVN and increased secretion of TSH (31-35), presumably as an adaptive response, to increase thermogenesis. Conversely, during fasting or infection, there is a fall in thyroid hormone levels, but a reduction in proTRH mRNA, in the PVN and inappropriately low or normal levels of plasma TSH (1-9, 36), presumably as an adaptive response to reduce thermogenesis and preserve nitrogen stores (37-39). The signals that override the normal physiological control mechanism of feedback regulation by thyroid hormone on hypophysiotropic proTRH neurons and reset the thyrostat in these PVN neurons are poorly understood. On the basis that the systemic administration of leptin, a fat cellderived protein with important effects in mediating energy conservation (40), restored plasma levels of thyroid hormone to normal in fasting mice (16), we raised the possibility that the concentration of leptin in the circulation may be an important signal that establishes the set point for feedback regulation by thyroid hormone on these hypophysiotropic proTRH neurons. To begin to test this hypothesis, we determined whether leptin has a central action on proTRHproducing neurons in the PVN to regulate its biosynthesis.
As noted in previous studies (1-9), we observed also that fasted results in a significant decrease in plasma total and free T 4 and T 3 levels, a small (although insignificant) reduction in plasma TSH, and a significant reduction in proTRH mRNA in the PVN. Systemic administration of leptin to the fasted animals, however, prevented the fall in total and free T 3 levels, whereas total T 4 approached normal, and free T 4 actually exceeded, the normal values in fed animals. As observed for total and free thyroid hormone levels, the systemic administration of leptin also prevented the reduction in pro-TRH mRNA in the PVN, resulting in levels that were not significantly different from the fed animals. This effect was specific for proTRH-synthesizing neurons in the PVN, because no effects of leptin were observed on adjacent proTRHproducing neurons in the lateral hypothalamus that do not have a hypophysiotropic function (41). These data demonstrate that leptin has a potent action on the hypothalamicpituitary-thyroid axis in fasting animals to restore the reduced thyroid hormone levels to normal by increasing the biosynthesis of hypophysiotropic proTRH. By inference, therefore, the reduction in circulating thyroid hormones that occurs with fasting, simultaneously with a fall in leptin levels (17, 18), may be caused by an effect of falling plasma leptin levels to decrease the set point (increase the sensitivity) for feedback regulation of thyroid hormone on proTRH hypophysiotropic neurons.
In contrast, fasting was associated with an increase in the free fraction of T 4 , but not the free fraction of T 3 , as demonstrated by equilibrium dialysis. This finding was noted regardless of whether fasted rats received leptin. Fasting has complex, gender-influenced effects on serum thyroid hormone-binding proteins (42). Serum transthyretin, a major thyroid hormone-binding protein in the rat, declines during fasting, whereas T 4 -binding globulin, present in only trace levels in the fed rat, becomes clearly detectable. The lack of an effect of leptin on the fasting-induced changes in the free, nonprotein-bound plasma T 4 fraction suggests that leptin may not influence the effect of fasting on plasma thyroid hormone-binding proteins.
Although the decline in plasma TSH in fasted rats was not significant, the absence of a TSH rise in the presence of the substantial decline in free thyroid hormone levels is consistent with central hypothyroidism. TRH has an important role in the glycosylation of TSH, such that a reduction in TRH leads to TSH with less complex carbohydrate structures and reduced bioactivity that can be restored by TRH administration (43-45). Similarly, in man, hypothalamic hypothyroidism often is characterized by normal, or even slightly elevated, serum TSH concentrations (46) and, as demon- strated by Beck-Peccoz et al. (47) , is associated with reduced TSH bioactivity and decreased receptor activity on thyroid membranes. It seems likely, therefore, that the biological activity of TSH in fasted animals is reduced because of a fall in pituitary portal blood concentrations of TRH. Leptin administration, in turn, probably restores TSH bioactivity by blocking the effects of fasting on the biosynthesis of proTRH.
The mechanism(s) by which falling leptin levels reduce proTRH gene expression in the PVN requires further study, but several possibilities should be considered. The first is that leptin exerts direct effects on proTRH neurons, after entering the PVN, through its rich vascular supply (48) . Banks et al. (49) have shown recently that leptin can be transported efficiently across the blood brain barrier from the systemic circulation by a saturable mechanism, which (given the large size of the protein) indicates the presence of an active transport system. Receptor autoradiography (49 -52) and the distribution of leptin receptor mRNA by in situ hybridization histochemistry (19), however, indicate that the PVN is not a site for leptin binding in the brain. Nevertheless, leptin binding has been observed in the median eminence (49) , the point of termination of proTRH-producing neurons in the PVN, raising the possibility that leptin could have receptors on the axon terminals of these neurons and thereby influence the secretion of proTRH-derived peptides into the portal circulation.
Leptin may affect proTRH gene expression indirectly through effects on the hypothalamic-pituitary-adrenal (HPA) axis. When administered into the cerebrospinal fluid, leptin is reported to increase CRH gene expression in the PVN (19). Because reciprocal synaptic interactions between CRH and proTRH neurons in the PVN have been observed by electron microscopy (53), it is possible that CRH could mediate the effects of leptin on hypophysiotropic proTRH neurons via these interactions. CRH inhibits TRH release from rat hypothalamus in culture (54) , however, which would be contrary to the observation that leptin administration to fasted animals increases proTRH mRNA in the PVN. A more important effect of leptin on the HPA axis may be seen in the association between elevated plasma corticosterone levels and low leptin levels during fasting (55) (56) (57) and the ability of systemically administered leptin to attenuate the fasting-induced rise in corticosterone (16) . This indicates that the rise in corticosterone during fasting may be mediated by falling levels of leptin, although the locus for its action on the HPA axis is not known. Because glucocorticoids have a cell-specific effect to reduce proTRH mRNA levels in the PVN (58), the fasting-induced suppression of proTRH gene expression and rescue by leptin administration may be indirect, associated with leptin mediated changes in circulating corticosterone levels. Indeed, van Haasteren et al. (9) have reported that in a substrain of female Wistar rats (RAmsterdam), the fasting associated reduction in proTRH mRNA in the PVN can be altered if the rise in corticosterone is prevented by adrenalectomy and replacement with corticosterone to maintain normal basal plasma concentrations. Glucocorticoids are not likely the only mechanism to explain changes in the hypothalamic-pituitary-thyroid axis during fasting, however, because in van Haasteren's study, fasting in adrenalectomized-corticosterone replaced rats still resulted in a fall in circulating thyroid hormone levels (9) . In addition, substantial doses of glucocorticoids are required to achieve only modest reductions in proTRH mRNA in PVN neurons, and these doses are associated with weight loss (58) .
One of the most important recognized actions of leptin is its role in the regulation of NPY gene expression in the hypothalamus (59) . During fasting, when leptin levels are low (17, 18), arcuate nucleus NPY gene expression is markedly increased (60 -62) . Conversely, the systemic administration of leptin results in pronounced inhibition of NPY gene expression in the arcuate nucleus (16, 59, 63) and has been proposed by Glaum et al. (64) , on the basis of their electrophysiological studies on hypothalamic slices, to reduce the activity of NPY-producing neurons in the arcuate nucleus and decrease the release of NPY in the PVN. The arcuate nucleus contains a high density of leptin receptor mRNA (19), indicating that leptin can have a direct, central action on NPY production in this region of the brain. Because NPYproducing neurons in the arcuate nucleus project heavily to the PVN (65) and injections of NPY into the PVN increases food intake (66) , it is presumed that leptin signals the PVN about feeding and body weight by way of NPY-containing axonal projection pathways originating in the arcuate nucleus. NPY-containing axon terminals also make numerous synaptic contacts with proTRH-producing neurons in the PVN (67), which we now believe arise primarily from neurons in the arcuate nucleus (Légrádi and Lechan, unpublished observations). The possibility that leptin could modulate proTRH gene activity in the PVN via direct actions on NPY neurons in the arcuate nucleus, therefore, seems particularly attractive and would link the regulation of thyroid thermogenesis and feeding behavior to a single anatomical pathway. As we have hypothesized that NPY may be inhibitory to proTRH neurons on the basis of electron microscopic characteristics of the synaptic contacts between NPY-containing axon terminals and proTRH perikarya and dendrites (67), we would propose that when leptin levels fall, NPY gene expression is disinhibited, resulting in the increased release of NPY in the PVN. This increase would simultaneously exert effects on feeding behavior and lower the threshold for thyroid hormone feedback inhibition on pro-TRH gene expression. Nevertheless, mice with targeted deletion of the NPY gene have recently been shown to have a fall in T 4 during a 48-h fast that is indistinguishable from control animals (J Erickson, R Ahima, G. Hollopeter, J. Flier, and R. Palmiter, submitted), indicating that other targets capable of mediating a central action on hypophysiotropic proTRH neurons must also exist.
Cytokines, responsible for many of the manifestations of infection, also are well recognized to result in low circulating thyroid hormone levels and inappropriately low or normal levels of TSH, resulting in a disorder commonly referred to in man as the sick euthyroid syndrome (36). Both IL-1 and TNF cause significant reductions in TSH levels in man after systemic administration (68, 69) and reduce the content of TRH or proTRH mRNA in the hypothalamus of experimental animals (70, 71) . This raises the possibility that the effects of falling leptin levels on proTRH gene expression in the PVN could be mediated by activation of the cytokine system peripherally or in the brain. Endotoxin and cytokines induce the expression of leptin (72) , however, suggesting that the effect of cytokines on the hypothalamic-pituitary-thyroid axis may occur by a mechanism independent of leptin.
In conclusion, we have observed that the fasting-induced reduction in proTRH mRNA in hypophysiotropic neurons of the hypothalamic PVN can be prevented by the systemic administration of leptin. These findings indicate that the fall in circulating leptin levels may act as the critical signal to hypophysiotropic neurons in the PVN to reset the set point for feedback regulation of proTRH gene expression by thyroid hormone. This mechanism would inhibit proTRH gene expression in the PVN during fasting, when circulating thyroid hormone levels are low, and by reducing thyroid thermogenesis, act in a coordinated fashion with other homeostatic mechanisms to allow adaptation to starvation.
